Characterization of nanoparticle (NP) interaction with an organic host requires identification and localization of nano-sized phases via high-resolution 3D imaging. Simultaneous molecular and spatial resolution causes many analytical approaches to face inherent performance limits, but this challenge can be overcome with time-of-flight secondary ion mass spectrometry (ToF-SIMS). To implement ToF-SIMS analysis of complex organic systems, a careful sample preparation is required to ensure ultra-high vacuum compatibility and to preserve the native chemical composition and spatial arrangement. In this present study, we developed a new method for the deposition of NPs from suspensions employing a polymer-coated substrate to avoid NP aggregation and to eliminate dissolved contaminants. We achieved a lateral resolution of 108 nm simultaneously with a mass resolving power (MRP ¼ M/DM) above 5000 in delayed extraction mode. Optimized ToF-SIMS performance allowed for (i) 3D localization of TiO 2 NPs in Chlorella vulgaris biofilm, (ii) precise isotope-pattern-based identification of TiO 2 -related secondary ions and (iii) elucidation of their composition dependence on the nearest molecular surrounding of the NPs. The developed sample preparation method in combination with the high resolution 3D visualization of NPs in algal biofilm paves the way to study NP fate and localization in complex environments simultaneously. † Electronic supplementary information (ESI) available: Experimental section describing methods of microscopy and DLS, structure and achieved thickness of Mowital polymer, SEM images of NPs before and aer cleaning employing the newly developed method, DLS distribution of TiO 2 NPs suspension in water, lateral resolution statistics, microscopy images of C. vulgaris before and aer incubation with NPs, mass spectra of C. vulgaris biolm exposed to TiO 2 NPs and non-exposed biolm, RGB overlays of the 4 different Ti containing ions, 3D image with XZ cross section, linescan over PO 3 À secondary ion map. See
Introduction
Nanotechnology has emerged as one of the major elds that have the potential to remodel many aspects of our society including medicine, engineering, nutrition and many others. However, the extensive use of nanoparticles in our everyday life is associated with potential risks towards humans and the environment. 1, 2 In fact, the interaction between nanoparticles (NPs) and a biological matrix is yet to be fully understood. 3, 4 To address this issue, it is necessary to characterize NPs applying a comprehensive analysis of size, shape, chemical composition, surface properties, stability and protein corona formation within a complex biological system. 5 Therefore, sensitive and versatile methods are required to spatially resolve and chemically identify the nanomaterials in complex biological media. 4 The application of secondary ion mass spectrometry (SIMS) in life science 6,7 is a promising technique for the characterization of NPs in biological media. In fact, its sensitivity, high spatial resolution and mass resolution offer label-free chemical 3D imaging capabilities down to the nanometer scale. 7-9 SIMS analyses involving identication and localization of NPs have already been reported in previous studies. 5, [9] [10] [11] State-of-the-art Time-of-ight (ToF)-SIMS instruments provide the advantage of using cluster ion sources for molecular 3D imaging of complex biological samples. 12, 13 Another advantage of using ToF-SIMS for biological sample analysis is the charge compensation implemented with ooding e-gun in combination with ooding gas. Gas ooding prevents the molecular structure damage upon direct irradiation of organic sample with ooding electrons and provides charge carriers of both polarities (Ar + and secondary e À ) for charge compensation. Furthermore, ToF-SIMS analyzer allows for the detection of all secondary ion species within a broad range of m/z ratio up to $1000 without a limitation of the number of the detected species. 14 However, the time-of-ight analyzer requires a short primary ion pulse width for high mass resolution. This reduces the achievable duty cycle and leads to low primary currents. The common approach is to compress a longer primary ion pulse by axial bunching to the sub ns regime in order to combine high mass resolution with appropriate primary ion currents. The compression of the primary ion bunch enhances the mass resolution but causes a broadening of the primary ion energy distribution and therefore reduces the lateral resolution by chromatic aberration. The loss of lateral resolution upon the improvement of the mass resolution by ion bunch compression leads to a trade-off between lateral and mass resolutions (i.e. one is achieved at the cost of the other) in the common approach. 7, 9, 15 However, high lateral resolution is required for the precise localization of a nano-sized phase in a host. At the same time, high mass resolution is necessary to resolve different secondary ion species and to identify them accurately. Thus, both lateral and mass resolutions are required for analysis of NP fate within a complex organic matrix or an organism. 2, [16] [17] [18] [19] In order to achieve simultaneous high mass and lateral resolution with ToF-SIMS, the mass resolution has to be decoupled from the duration of the primary ion pulse. Such decoupling has already been implemented with pulsed extraction eld, delaying the secondary ion extraction until all secondary ions have le the sample surface. The delayed extraction mode of ToF-SIMS operation was initially developed for analysis of samples with strong topography. 20 It allows for simultaneous lateral and mass resolution and has been demonstrated by Vanbellingen et al. to deliver 400 nm lateral resolution upon imaging Purkinje cells of 20 mm average size. 15 More recently, Veith et al. reported an achieved lateral resolution of 673 nm simultaneously with a mass resolution of 4000 upon analysis of lung tissue section. 21 It is obvious that the reported performances in terms of lateral resolution and mass resolution are distinctly reduced compared with standard modes under static extraction conditions. This is caused by the fact that the delayed extraction mode is especially challenging for non-conductive samples with strong topography. Furthermore, the reported lateral resolution is not sufficient for chemical imaging of single NPs.
In the present study, we aimed at increasing the lateral resolution of ToF-SIMS instrument below 200 nm maintaining sufficient secondary ion yield and mass resolving power for chemical identication of NPs and their localization in biological host. Moreover, we have elaborated the methods for (i) representative deposition of NPs from suspension employing polymer-coated substrate and (ii) dehydration of biological cells required by Ultra-High Vacuum (UHV) sample environment of ToF-SIMS. The developed sample preparation techniques allow: (i) to preserve chemical identity of the NPs and biological host constituents; (ii) to minimize the distortion of sample morphology (e.g. cell shrinkage, blasting, swelling, crystallization of salt residuals, aggregation of NPs or single cells etc.). The quality of sample preparation has been validated with scanning electron microscopy (SEM) and ToF-SIMS analysis of TiO 2 NPs as deposited from suspension and by their 3D imaging in algal biolm. With the performance of ToF-SIMS instrument in the optimized delayed extraction mode, a lateral resolution in the 100 nm range was achieved simultaneously with the mass resolving power above 5000, allowing identication and localization of nano-sized phases and organic host compartments.
Material and methods

Preparation of sample carrier
Conductive Si wafers of 10 Â 10 mm 2 size (Plano GmbH, G3390-10, Boron-doped) were used as sample supporting plates. The wafers were chemically cleaned in an ultrasonic bath (Sonorex Digitec, Bandelin electronic, Berlin, Germany) for 15 min in absolute ethanol (Chemsolute, 2246, Th. Geyer). Aerwards, they were treated with UV-Ozone cleaner (PULC-120, UFZ Leipzig) 22 to remove residual organic material remaining aer chemical treatment. 23 The efficiency of the cleaning was conrmed via contact angle observation.
The cleaned wafers were coated with a solution of polyvinyl butyral called Mowital B 30 T (Kuraray Europe GmbH) that was prepared as follows: 2 g of Mowital B 30 T powder were dissolved in 40 mL of diacetone alcohol (4-hydroxy-4-methyl-2pentanone, Sigma-Aldrich, H41544) in order to obtain a 5 wt% solution. The bottle with the solution was placed horizontally on a shaker (Multi-functional Orbital Shaker PSU-20i, Biosan, Riga, Latvia) for 5 days with an orbital speed of 245 rpm (reciprocal and vibro parameters kept off). Aer complete dissolution, the bottle was placed for 2 days in the dark to release the trapped gas phase bubbles.
The 300 nm thickness of polymer coating layer was achieved by injecting 200 mL of dissolved Mowital polymer onto the silicon wafer rotating at 60 rps in a spin coater (SCI Series, LOT-QuantumDesign GmbH, Darmstadt, Germany) and stopping the rotation aer z2 min. The thickness of polymer layer was measured using a non-contact 3D surface proler (PLu Neox, Sensofar, Barcelona, Spain).
Treatment and deposition of nanoparticles 2.5 mg of 70 nm TiO 2 NPs (National Institute of Standards and Technology, NIST) were dispersed with 5 mL of Milli-Q (MQ) water to obtain the NP suspension. The suspension was sonicated for 10 min in an ultrasonic bath (Transsonic TS 540, Elma GmbH, Singen, Germany) to assure the complete dispersion of the NPs. The 5 mL suspension was further diluted with 45 mL of MQ water to obtain a 50 mg L À1 concentration of NPs. The resulted 50 mL suspension was sonicated with a vial tweeter (UP200St, Hielscher Ultrasonics GmbH, Teltow, Germany) for 5 min.
Au NPs of 200 nm size (British Biocell International, BBI) were prepared for the optimization and correction of possible lateral dri in ToF-SIMS experiments. 0.5 mL of 50 mg L À1 Au NP suspended in water were centrifuged (5424 R centrifuge with FA-45-24-11 rotor, Eppendorf GmbH, Germany) at 10 000 rpm for 6 min. Aerwards, the supernatant was removed and the remaining NPs were resuspended in 0.5 mL of MQ water. This procedure was repeated twice in order to remove the dissolved KCl and NaCl salt contaminants from the suspension.
Another method for cleaning of a NP suspension from soluble contaminants was developed to avoid a possible loss of suspended material during supernatant removal aer centrifugation. For this purpose we have elaborated an ad hoc deposition method and an appropriate centrifuge adaptor to host samples of different geometries. Aer depositing a 5 mL drop of NP suspension onto a freshly prepared polymer surface, the sample carrier was centrifuged at 1000 rpm for 3 min (ROTINA 380R, swing out rotor 1798, Hettich GmbH & CO. KG, Germany).
Growth and preparation of algal cells
Chlorella vulgaris ACUF_809 green microalgae (http:// www.acuf.net) was isolated from a pilot scale moving bed bio-lm reactor during a nitrication process of industrial wastewater. For the growth of stock algae culture cells the original Bold's basal medium (BBM) 24 was modied by increasing the concentration of KH 2 PO 4 and K 2 HPO 4 up to 175 mg L À1 .
Silicon wafers coated with 300 nm layer of Mowital B 30 T polymer as described above, were used as carriers for microalgae biolm growth. Freshly cleaned and polymer-coated wafers were immobilized on a ne agarose base (1 mL of 10 wt% agarose; SeaKem LE, Lonza, USA) in B30 Â 15 mm plastic Petri dishes. Aerwards, the dishes were lled with 3 mL of the growth medium (modied BBM) containing the C. vulgaris cells (2.5 Â 10 6 cells per mL) in exponential growth phase. The initial cell density was determined with a calibration curve that relates the absorbance at 680 nm and the biomass concentration. 25 The algal cells were incubated in the Petri dishes placed on an orbital shaker (Compact Shaker KS 15 A, Edmund Buehler, Bodelshausen, Germany) at 60 rpm upon illumination (array of 5 linear white uorescent lamps T8 Polylux XLR, GE Lighting, Frankfurt, Germany) in constant day/ night rhythm (14 h/10 h of illumination ON-OFF) at 20 AE 3 C.
On the 19 th day of incubation, the growth medium was substituted with a freshly prepared one containing TiO 2 NPs (1 mg mL À1 ) and the incubation continued upon constant shaking to maintain a homogeneous NP distribution in the growth medium and to enhance the frequency of NP-cell collision events. 26 Aer 24 h of incubation in the NP-containing growth medium, the wafers with algal biolm were carefully removed from the Petri dish and the cells were xed upon drying for 2 h in the xative vapors of paraformaldehyde-ethanol-water mixture (10-37-53 vol%) maintained under a 0.5 L glass bell on a ceramic heating plate (IKA C-MAG HP 10, IKA-Werke, Staufen, Germany) at 40 C. Aer complete drying of algal biolm, the carrier wafers were moved out from the xative vapors and placed in a desiccator overnight.
ToF-SIMS analysis
The NPs deposited from the suspension on the polymer-coated carriers and the samples of chemically xed algal biolm were analyzed with a TOF-SIMS.5 instrument (IONTOF GmbH, Münster, Germany). ToF-SIMS measurements were performed in delayed extraction mode providing mass resolving power (MRP) within 3000-7000 range and the lateral resolution of about 110 nm.
As primary projectiles Bi 3 + cluster ions of 30 keV energy from liquid metal ion gun (LMIG NanoProbe, mounted at 45 to the analyzer axis) were employed for the analysis of NPs on the polymer-coated carriers and in the algal biolm. The highest lateral resolution is achieved by Bi 3 ++ primary ion species but Bi 3 + offers a higher ion current and higher secondary ion yield for the desired secondary ion species. The 105 ms repetition period of primary ion pulse delivered 0.05 pA current of Bi 3 + and allowed the detection of secondary ions within range of 10-3500 m/z (mass-to-charge ratio). The analyzer extraction voltage was reduced to 1 kV and the energy was increased to 3 keV as compared to the standard settings in order to increase mass resolution by decreasing the relative energy spread of the secondary ions. The analysis was performed by rastering the primary ion beam randomly in 512 Â 512 pixels over 60 Â 60 mm 2 sample area. Aer each primary beam shot, the sample charging was compensated with 16 eV electrons from ooding e-gun (FEG) and Ar gas injection system (Ar-GIS) maintaining the partial Ar gas pressure within 4 Â 10 À7 to 2 Â 10 À6 mbar in the analysis chamber. The data were acquired in frames. Each data frame was generated aer 10 scans over the analysis area with one single shot per each pixel. Two different sputter ion sources were applied in the reported experiments: (i) 500 eV Cs + ion source and (ii) 5 keV [Ar] 1750 gas cluster ion beam (GCIB-source) for sample sputtering in non-interlaced mode.
The lateral resolution of ToF-SIMS was checked on a Chessy test specimen (Agar Scientic Ltd, UK) by random rastering an area of 20 Â 20 mm 2 with 1024 Â 1024 pixels and single shots per pixel. The pixel size was 19.5 nm. For this measurement, Bi 3 + cluster ions were also used as primary projectiles for analysis and Cs + 250 eV for sputtering to enhance the yield of negative secondary ions (from Si and Au). In total, 150 scans were acquired on the test specimen and 115 single scans were used for the lateral shi correction based on Au 3 À signal over the whole analyzed area. Data treatment was performed using SurfaceLab 6.7 soware (IONTOF GmbH). Lateral shi correction and mass shi correction were applied during the reconstruction of the acquired data frames. For the analysis of NPs on the polymercoated carriers, Au À and Ti + signals over the whole analyzed area were used for lateral dri correction of Au NPs and TiO 2 NPs respectively. The lateral shi of the data acquired upon analysis of algal biolm was corrected by the total ion signal over the entire analysis area. Lateral corrections were implemented on single scans with "quadruple precision" in order improve the accuracy of the correction. For "quadruple precision" each pixel is up-scaled to 4 Â 4 pixels and the shi values are calculated using the high resolution data. The high resolution results are then downsampled to the original pixel resolution. Finally, the data are corrected using these integral pixel shis.
Results and discussion
Optimization of sample carrier
Well dened elemental composition, adjustable surface properties, ease of treatment and handling dened our choice of Siwafer as sample supporting plate for ToF-SIMS analysis. However, the native properties of a surface are always affected by organic molecules from surroundings. Even aer careful chemical cleaning, residuals from cleaning agents remain and molecules of volatile substances adhere on the surface. The adsorbed molecules modify the pristine chemical and physical properties of the surface e.g., alter the surface hydrophilicity. This adsorption occurs to some extent even if the surface is kept in a sterile environment or in ultra-high vacuum (UHV) where residual gas molecules and dust particles are present. 27, 28 Therefore, aer chemical cleaning, a further UV-Ozone treatment was applied to remove residual organic molecules 23 and recover the native properties of the Si-wafer surface before coating it with a polymer.
Silicon wafers were coated with polymer to tune their surface polarity depending on the properties of the analyte to be deposited. Polymers of the Mowital family offering different degree of viscosity, mechanical hardness and surface polarity were used for carrier coating in the present study. With 5 wt% solution of Mowital B 30 T polymer ( Fig. S-1A †) a z300 nm thick layer was achieved via spin coating ( Fig. S-1B †) . The polymercoated carrier allowed us to avoid aggregation of deposited NPs during drying and to mimic an organic host. Furthermore, a sticky polymer layer prevents detachment, relocation or removal of small-size NP fractions when hit by the ion beam. Thus, it maintained the sample integrity and extended the availability of NPs (i.e. efficient detection of NPs related secondary ions species) during the ToF-SIMS analysis.
Deposition of NP suspensions onto the polymer-coated sample carrier
The main challenges of NP deposition onto a carrier are (i) to obtain representative single-particle distribution (i.e. avoid aggregation) and (ii) to preserve their chemical composition. In fact, preliminary SEM-EDX analyses showed the presence of KCl and NaCl residuals dissolved in the suspension of Au NPs causing a strong aggregation of the NPs around salt crystals aer drying (Fig. S-2A and B †) . Even if the NP suspension is free of soluble contaminants, the hydrophobicity of a carrier surface may cause aggregation of NPs at the rim of the suspension droplet upon drying. This aggregation process is called the coffee-ring effect. [29] [30] [31] [32] Centrifugation, followed by supernatant removal, might be one option to remove dissolved contaminants from the suspension. However, it is not always the optimal method since the supernatant removal may cause the loss of a fraction of NPs that are not included into the pellet upon centrifugation.
To reduce the risk of analyte loss during separation of NP and dissolved contaminants, a new method was developed for the deposition of NP from suspensions. The suggested method employs a system comprising a Si wafer coated with a hydrophilic polymer layer (e.g. Mowital B 30 T). The hydrophilicity of the polymer coating layer is a key feature of this method that facilitates the transfer of solutes from the top to the bottom of the polymer layer. The transfer of the soluble fraction is enhanced via centrifugation with the centrifugal force orthogonal to the sample carrier plane (Fig. 1) . Another advantage is the possibility of consecutive depositions and washings. Aer each centrifugation step, an additional amount of an analyte suspension can be deposited over the previous one and washed.
The accumulation of NPs via consecutive depositions onto the sample carrier avoids the necessity of using highly concentrated suspensions where the risk of NP aggregation and sedimentation increases. Furthermore, a thorough removal of soluble contaminants and a gain in the analyte concentration on the polymer surface may help to avoid interferences, overcome saturation issues and detection limits of analytical techniques.
SEM analysis demonstrates that aer the centrifugation of the suspension droplet on the polymer, the soluble components of the suspension are removed while its insoluble components stay attached to the polymer surface available for analysis ( Fig. S-3A and B †) . Thus, the developed method paves the way for a reproducible deposition of NPs from suspension providing a representative NP distribution over $1 mm 2 area. Such a preparation method helps to avoid the necessity of searching for an optimal analysis eld with a complementary visualization technique that are oen destructive and may cause the loss of sample delity (e.g., modications and damages induced by laser beam, high-energy ionizing radiation, electron and ion beam probes). This challenge is faced by analytical techniques with moderate lateral resolution where the analysis result is averaged over relatively large area dened by a probe size (e.g. laser beam spot in laser desorption experiments) exceeding the analyte particle size.
SEM studies of 70 nm TiO 2 NPs deposited on the sample carrier were shown to form aggregates of about $0.3-1 mm in size ( Fig. S-3B †) . [33] [34] [35] [36] This aggregation is also known for other types of NPs 37, 38 and is already occurring in suspension as demonstrated via DLS ( Fig. S-4 †) .
NPs detection and identication with ToF-SIMS Au nanoparticles. 200 nm Au NPs deposited on the polymer layer were analyzed with ToF-SIMS to demonstrate its performance with optimized analytical conditions applied on an insulating sample carrier. Gold is known to be preferably ionized negatively. Therefore, a 500 eV Cs + sputter beam was applied to enhance the yield of negative Au À ions ( Fig. 2A ). With this measurement the lateral resolution was shown to reach 108 nm in Y-direction ( Fig. 2B ). It is worth to note that the lateral resolution in horizontal X-direction ( Fig. 2C ) was found to be remarkably different (about 170 nm). Such a difference is due to the impact angle of 45 degrees of the primary ion beam. In fact, when impinging the sample at 45 , a circular beam shape results in an elliptically shaped spot stretched by a factor of ffiffiffi 2 p in the X direction. A beam diameter of 108 nm in Y direction would be distorted to 151 nm because of this effect only. Additional elongation in the X direction is expected when the measurement is performed across a spherical particle rather than a at surface. 39 These two effects are in agreement with our measured values of lateral resolution in X and Y directions.
The lateral resolution achieved on the insulating sample carrier (Fig. 2) is shown to be equal to the one obtained on the conductive standard Chessy structure (Fig. 3) with the optimized ToF-SIMS performance in delayed extraction mode. To further validate this achievement, statistical analyses of linescans on each side of the 50 squares (displayed in Fig. 3A ) and on Au NPs in both x and y directions was carried out (box plots are displayed in Fig. S-5 †) .
TiO 2 nanoparticles. Studies on NP interaction with complex matrices demand the identication of low abundance NPs from a suspension oen containing organic residuals (e.g. tissue fragments, microorganisms, cells lysate and adsorbed organic molecules). ToF-SIMS analysis of inorganic NPs in such samples requires gentle removal of organic components and efficient detection of NP-related secondary ions. An argon cluster ion beam was reported to sputter the organic compartments 40 and leaves inorganic sample components accessible for the analyses. Therefore, we employed the sputtering 5 keV argon cluster ion beam for organics removal and the 30 keV Bi 3 + one for the analysis of TiO 2 NPs deposited onto the polymer-coated carrier. The Fig. 4A shows the . Fig. 4B shows that the relative intensities of the different Ti isotope peaks clearly reproduce the Ti isotopic distribution pattern as compared with the natural Ti isotope abundance (Fig. 4C ). This characteristic isotopic pattern of Ti was later used in this study for the identication of TiO 2 NPs in algal biolm (C. vulgaris).
ToF-SIMS analysis of TiO 2 NPs in algal biolm
The optimized ToF-SIMS analysis conditions in delayed extraction mode were then applied for the identication and localization of TiO 2 NPs in green microalgae C. vulgaris to demonstrate the applicability of our analytical approach also on complex systems. Freshwater microalgae are an important test organism in aquatic ecotoxicology; 41 and as an oxygen producer they play an important role in the aquatic ecosystem. [34] [35] [36] The algal biolm was imaged on the 19 th day aer inoculation and the typical round shaped C. vulgaris cells attached to the polymer were clearly visualized before their exposure to 70 nm TiO 2 NPs (Fig. S-6A †) .
Aer 24 h of exposure, the medium containing NPs was removed and the protocol of xation in vapors 32 (see Experimental section †) was applied to stop the exposure of the cells to cytotoxic TiO 2 NPs and to minimize the disruption of the bio-lm. 34, 42 The morphology of algal cells was checked aer xation ( Fig. S-6B †) showing most of the cells to have distorted membrane with a rough surface forming a network-like pattern. Similar structures formed by C. vulgaris were also reported by Iswarya et al. and Dalai et al. 34, 36 However, round cells in a good shape are still clearly visible in the algal biolm aer xation ( Fig. S-6B †) .
The aim of ToF-SIMS experiment on C. vulgaris biolm was not only to conrm the presence of TiO 2 NPs but also to clarify their 3D distribution within this complex system. 3D analysis is implemented in ToF-SIMS by employing sputter ions to remove the uppermost layer of the sample aer each analysis scan. This method allows for depth analyses to be conducted.
For the reconstruction of a real 3D structure, a homogeneous removal of sample layers by sputtering is needed. However, this is extremely difficult to implement on real organic systems because of their intrinsic heterogeneity even with an argon cluster ion beam. 43 In fact, any highly packed dense agglomerates (e.g. storage vacuoles, chloroplasts, grana, etc.) and inorganic precipitates (e.g. intra-and extra-cellular phosphates, sulfates, etc.) will show a relatively lower sputter rate compared to other organic material. 43, 44 Previous works from Houssiau group, reported how a low energy Cs + sputter source can moderate the difference in sputter rate for hybrid organic/ inorganic samples and preserve sensitive organics without causing signicant damage. 43, [45] [46] [47] [48] Furthermore, implantation and deposition of Cs onto the sample surface are known to enhance the yield of negative secondary ions reducing their working function. 43, [47] [48] [49] [50] Thus, the ToF-SIMS depth proling of algal biolm was performed with 500 eV Cs + ions as a sputtering projectiles.
In total, 777 data planes were acquired aer 56 hours of analysis spent with almost complete sputtering of the biomass available in the analyzed 60 Â 60 mm 2 sample area. The 3D image of the analyzed sample volume (Fig. 5) shows a clear separation in three main compartments: (i) silicon substrate (grey) represented by 28 Si À ion counts; (ii) polymer coating layer (cyan) best pronounced in 12 CH 2 À secondary ion counts and (iii)
C. vulgaris cells (green) identied mainly by the 12 C 14 N À ion.
The CN À (m/z 26) secondary ion distribution is commonly used in imaging SIMS experiments as an indicator of biomass and an intrinsic marker of spatial arrangement. 10 The ion counts accumulated in mass peaks at 209 m/z and 255 m/z represent algal cell membrane and are shown in shades of green: light green and dark green respectively (Fig. 5 ). The C 6 H 10 O 6 P À secondary ion (m/z 209) was ascribed to a fragment of phosphatidylglycerol (PG) arisen by the combined losses of both acid side chains. 51, 52 Indeed, the PG lipids are widely present in the membrane of C. vulgaris cells. 53 The C 16 H 31 O 2 À secondary ion (m/z 255) has already been reported to originate from a lipid side chain of palmitic acid aer deprotonation. 15, 54 Ti-containing secondary ions were identied in the mass spectrum by the clear isotopic pattern of titanium (refer to Fig. 4B and C). Since TiO 2 NPs are well known to be biologically inactive and physiologically inert, 55 all Ti-containing secondary ions were attributed to TiO 2 NPs. Additional evidence for the association of mass peaks with TiO 2 NPs was acquired by comparing the mass spectra of C. vulgaris biolm exposed to TiO 2 NPs and non-exposed biolm ( Fig. S-7 †) . The composition of Ti-containing ionization products revealed a clear dependence on the molecular surrounding of TiO 2 NPs in different sample compartments (i.e. polymer layer, extracellular algal matrix, algae cell membrane). In fact, Fig. 5 shows different spatial distributions of TiH À (m/z 49, yellow), CsTi À (m/z 180.9; blue), C 3 H 5 O 7 Ti À (m/z 201; purple) and C x HTi À (m/z 73, 97; x ¼ 2, 4; red) secondary ions. Separate ion distributions relatively to the algal cells are displayed in Fig. S-8 . †
The TiH À ion (m/z 49) (in yellow, Fig. 5 and S-8A †) appeared to be the most abundant and common ionization product of TiO 2 NPs in organics under the experimental conditions applied.
The TiO 2 NPs distributed over the polymer coating layer are identied by CsTi À secondary ions formed due to the presence of Cs implanted into the uppermost sample layer upon sputtering. 50 The heaviest Ti-containing ion occurred at 201 m/z has been interpreted as C 3 H 5 O 7 Ti À ions. Their 3D distribution (in purple, Fig. 5 ) is strictly correlated with the cell membrane and shows the C 3 H 5 O 7 Ti À products to originate from the interface between algal cells. The suggested chemical formula of this ion ts the composition of a hydrophilic lipid fragment (C 3 H 5 O 3 glycerol backbone) combined with TiO 4 . The ionization of TiO x in such a large ion containing an organic fragment implies the extracellular adsorption of TiO 2 NPs onto the lipid bilayer. The proximity of the NPs to the molecules denes the probability of organic fragments to be ionized in combination with TiO x . It is known that the inclusion of high-density phase (e.g. metal, oxide layers or NPs) enhances the yield of secondary ions from organic matrix. [56] [57] [58] [59] [60] The spatial distribution of the C 2 HTi À and C 4 HTi À ion yield were found to be similar and the ions counts in these mass peaks were therefore combined and are presented in red. These C x HTi À ions (x ¼ 2, 4) may be ascribed to TiO 2 NPs associated with extracellular polymeric substance (EPS) surrounding the cells. However, it can be clearly seen that the areas presented in red are located exclusively at the cell side facing the X-direction whereas no C x HTi À secondary ions were detected on the opposite side ( Fig. 5 ). Such a regular ion distribution seems to be rather doubtful for a biological system and may originate from an experimental artifact. Shadowing and lateral displacement effects are observed in ToF-SIMS experiments on samples with pronounced surface topography and upon analysis within a large range of sample depths due to the 45 angle mounting geometry of the primary ion source. 20, 39, 50 These effects are revealed by the difference between values of lateral resolution derived from the right and le slopes on the Chessy standard structure (see Fig. S-5A † for details) . The algal cell height of $5 mm may arise considerable lateral displacement artifacts in the visualization of samples with a large variation of depths. Therefore, components located on top and beneath the cell may appear laterally overlapping even though the imaged sample features are separated only in height. Thus, the considered TiO 2 NPs yielding the C x HTi À secondary ions may be conned in a narrower space around the cells and not displaced in Xdirection as it appears in the reconstructed 3D-image (further conrmation of this hypothesis is provided by Fig. S-8D and S-9 †). These TiO 2 enriched hetero-aggregates surrounding the cells can be formed due to the accumulation of NPs in the EPSinterface between the cell and the polymer coating upon sample shaking and cannot be ascribed to inherent cell physiology. It is worth to underline that the localization of TiO 2 NPs was concluded from the detected Ti-containing secondary ions and not from the 3D image directly. The latter is used as a visual conrmation of the acquired spectrometry data.
The lateral resolution of the ToF-SIMS analysis on the algal biolm (222 nm) was veried via a linescan over PO 3 À secondary ion map revealing sharp features of nano-sized phosphate precipitates ( Fig. S-10 †) . Amino group ionization products are commonly used in SIMS analysis for the identication of intracellular proteins. 61, 62 Analysis of the mass spectrum integrated over the whole sample volume did not reveal any secondary ions comprising Ti and amino group. Even if this is due to a detection limit issue, the obtained results show the fraction of NPs internalized by algal cells to be considerably smaller than the NP fraction associated with the cell membrane and surrounding EPS. A possible explanation of a low uptake is the decrease of TiO 2 NPs availability due to their agglomeration. The correlation between NP aggregation and decrease in their uptake has already been reported in other studies. 36, 63 NP adhesion onto the cell membrane is one of the main mechanisms causing the toxicity of TiO 2 NPs towards C. vulgaris. Their adhesion on the surface can cause the disruption of the cell membrane by clogging the pores and the channels limiting the uptake of nutrients. 37, 64 It has been reported previously that the NPs attached on the cell walls might serve as an adhesive agent between algae and cause this algal "occulation" observed in Fig. S-6B . † 35, 37 Consequently, the light availability and production of chlorophyll may be also affected by the NPs aggregates formation. 2, 64 
Conclusions
The simultaneous achievement of 108 nm lateral resolution together with an MRP over 5000 conrms ToF-SIMS to be a powerful tool to study nanoparticles-biota interaction allowing for the resolution of nano-sized phases and single microbial cells. The dependence of NP ionization products on the organic surroundings supports the elucidation of NP localization in complex host via analysis of secondary ions containing NP-related elements. The identication of relevant secondary ions becomes more consistent when a NP contains an element with a specic isotopic pattern reproduced in corresponding mass peaks. For a reliable high-resolution imaging of complex organic samples, sample preparation methods were developed to preserve the spatial distribution and chemical identity of NPs and host compartments. The imaging artifacts observed due to the 45 primary ion beam incidence and the sample topography may be moderated by tilting the sample towards the normal incidence geometry. However, the application of delayed extraction mode provides reduced mass resolution (around 5000, MRP) and mass accuracy ($100 ppm). Therefore, an unambiguous identication may not be obtained for every peak in the acquired mass spectra. Further improvement of ion beam focusing, mass resolving power and sensitivity of ToF-SIMS would expand its application into nanoscale research (e.g. molecular microbiology, nanomedicine, diagnostic) where a subcellular resolution and a single nanoparticle recognition is required.
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